Introduction
Composite materials provide unmatched potential and large freedom in design to reduce their weight and/or to improve their performance. Thickness, a stacking sequence and ply orientations are often set as design variables to tailor global levels of stiffness and strength of composite laminates [1, 2] . A discrete set of ply laminates makes it a non-convex, nonlinear and high-dimensional complex mixed-discrete optimization problem [3] with many local optima, thus bringing new challenges for the design and optimization process.
Though the stacking-sequence optimization is a mixed-discrete and high-dimensional optimization problem with discrete variables, modern mathematical optimization methods combined with specific techniques appears to be capable of providing efficient solution to this problem. Buckling is one of the most important constraints in composite structural optimization since it is one of the most common failure forms of composite structures [2, 4] . A variety of optimization methods were applied to this problem [5, 6] . The most popular method, namely a genetic algorithm (GA) [7] [8] [9] , is used in stacking-sequence design with buckling, strength and continuity constraints. The problem, described in [7] , of optimization of the buckling load factor by changing the ply orientations, attracts many researchers developing a variety of heuristic methods [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . In particular, a permutation GA with a repair strategy was developed [12] for continuity constraints. Furthermore, a bi-level optimization scheme based on the permutation GA is proposed for the composite wing box design [14, 15] . An integrated approach, combining a shape optimization process with the GA was proposed in [21] for shape optimization and stacking-sequence design of composite laminates. Another popular method is evolutionary algorithm (EA), used in multiobjective optimization of composite laminates [22] and tapered composite structures [23] . More recently, a permutation search (PS) is proposed in [24] , where a buckling load factor was expressed as discrete forms of function of ply orientations to reduce computational cost.
On the other hand, optimization of multi-panel composite structures is more difficult due to blending of adjacent panels and nature of ply drops in design. The GA coupled with a response surface method was used in [18] to optimize both single-panel and two-patch design examples. In recent years, a stacking-sequence table (SST) scheme was specialized for EA-based blending optimization [23] .
Recently, a global shared-layer blending (GSLB) [25] method was proposed based on a shared-layer blending (SLB) method [26] for blending design.
Although, various heuristic methods are applied to the stacking-sequence optimization problem, they are sensitive to initial values and predefined parameters.
For specific optimization problems, the predefined parameters should be adjusted properly to find the optimal solutions. Unsuitable initial values or predefined parameters may result in a low convergence rate or even fail to find the optimum.
Additionally, the design space increases exponentially with the increasing number of design variables, making heuristic methods computationally expensive for solving optimization problems of large-scale composite structures. In order to overcome these limitations as well as concerns of convergence difficulties and of problem size of heuristic methods, a specific method is motivated by previous study for stacking-sequence optimization.
It is suggested that a stacking sequence of the laminate can be designed based on the classical laminate theory employing a specific designed algorithm [24, 27, 28] . In [27] , a two-level method was developed to determine the feasible region of the lamination parameters. Recently, a bi-level optimization scheme for finding an optimal stacking sequence of composite laminates subjected to mechanical, blending and manufacturing constraints was developed in [28] . In this paper, based on a theory of lay-up optimization [27, 28] , a sequential permutation table (SPT) method was proposed for stacking-sequence optimization.
The remainder of this paper is arranged as follows: in Section 2, an optimization problem is formulated. Then, the SPT method is developed in Section 3. In Section 4, performance of the method is compared with several heuristic methods via a benchmark problem. Finally, some conclusions and suggestions are provided in Section 5.
Statement of optimization model
Buckling analysis of a symmetric and balanced composite plate simply supported on four edges (Fig. 1a) , can be formulated using an analytical method [16] 
In Eq. (2), λ cb is expressed as the sum of (λ cb ) k , which is a linear function of the flexural stiffness parameters (D ij ) k . Obviously, for a specified stacking position k, the ply orientation θ k is the only design variable in the optimization of flexural stiffness parameters and, thus, superposition principles are suitable for evaluation of the buckling load factor λ cb [24] . As a result, the maximizing of λ cb is equivalent to identification of the ply orientation θ k at stacking position k. To simplify the optimization and design processes, the buckling load factor is formulated as a linear function of the stacking sequence [24, 28] , therefore, the stacking sequence can be designed linearly, significantly reducing the computational cost.
Based on the aforementioned analysis, several important features of stacking-sequence design for the maximum buckling load can be summarized:
(I) At each stacking position k, the optimal orientation θ k can be identified separately.
(II) For each part of the laminates, the stacking sequence can be formulated as independent variable. In other words, the stacking sequence can be designed block by block.
(III) Compared to the plies near the mid-plane, the outermost plies make a major contribution to the buckling performance.
The above features imply that the sequence of the laminate can be designed linearly from the mid-plane to the outermost layer by selecting the proper ply orientation for maximizing the buckling load factor.
On the other hand, the failure load of the plate can be evaluated with the first-ply failure approach based on the maximum strain criterion [16] . Principal strains in the kth layer of the plate are related to the loads by the following relations 
where λ is the load factor, ε x , ε y and γ xy are the global strain components. 
where ε 1 , ε 2 , and γ 12 are local strains of each orientation.
The strength failure load factor λ cf is taken to be the largest load factor λ given by 
ε 1max , ε 2max and γ 12max are the maximum strains and the safety factor q = 1.5.
To prevent failure, the objective function should be taken to the maximum of the smaller critical load factor
The objective of this work is to develop a method to maximize the critical load factor λ c by changing the ply orientations. The continuity constraints are also applied to the optimization, limiting the continuous number of plies of the same orientations to 4 to avoid matrix cracking.
Sequential permutation table method

Design criterion
It is observed that feasible regions of lamination parameters are convex and their values reach a vertex with one ply orientation at all stacking positions [27, 28] . Such rules can be applied to flexural stiffness thanks to their linear dependence on lamination parameters. Furthermore, the buckling load factor λ cb is a linear function of flexural stiffness parameters and reaches an extreme value with one ply orientation at all stacking positions. Therefore, λ cb can be designed to vary linearly by changing the orientation ply by ply. The expression λ cb (θ) denotes the buckling factor λ cb (Eq.(2)), with all stacking positions setting as θ.
Since λ cb is a convex-hull function of the ply-orientation variable θ (Fig. 2a) , the optimal stacking sequence for the maximal buckling load factor λ cb can be easily obtained [28] . On the contrary, the optimum number of the ply orientations for the maximal failure load factor λ cf is a non-convex hull function of the number of ply orientations (Fig. 2b) . To obtain the optimal sequence of the laminate with buckling and strength constraints, these two load factors are coupled via the objective function (Eq. (6)), thus, the optimal stacking-sequence can be designed under the control of linear regularity of λ cb (Fig.2c ).
Accordingly, a sequential permutation table (SPT) method is proposed as follows.
Assume that there are M orientations {θ 1 ,θ 2 ,…, θ M } in a symmetric and balanced laminate with a total of N plies. First, set the ply orientation to be the same θ at all stacking positions if θ = 0° or 90°; Otherwise, θ and -θ should be a half (due to balance requirement) in the laminate and a pair of ±θ should stack together (Fig. 3 ).
As shown in case 2 of The sequential permutation table is a guide for the sequence-optimization process, it will be used in the sequence-design and ply-orientation selection strategies.
Sequence-design strategy
In case of all constraints of buckling, strength and continuity involved , then, the optimal sequence providing the maximum buckling load factor can be obtained [28] : min max max max min min sequence. The repair strategy given in [24] is applied here to deal with continuity constraints. The sequence-design strategy with given numbers of each orientation is described in detail as following and an example is shown in Fig. 4 .
Step 1: Initialize the sequence according to Eq. (7) based on the numbers of ply
Evaluate the initial values of λ cb , λ cf and λ c .
Step 2: Detect the violated positions moving from the mid-plane to the outermost ply ( In Fig. 4 , the final optimal sequence is Seq9. Algorithm 1 gives the detailed computer program of the sequence design strategy, where angle denotes an orientation at a position of the sequence.
Algorithm 1: Sequence-design algorithm 1: Initialize the sequence as Eq. (7) according to the ply numbers of orientations
If angle( i ) violates the continuity constraints 4: Sign=0; 5:
For j = i +1: n 6:
If angle( j ) ≠ angle( i ) 
Ply-orientation selection strategy
In order to maximize the objective function λ c , λ cb and λ cf should be maximized simultaneously. However, Eq. (7) only gives the maximum λ cb . To improve λ cf , the number of ply orientations and stacking sequence of laminate should be adjusted simultaneously. Based on the analysis of Section 2, three criteria should be satisfied during adjustment, where α max and β max are the orientations in SPT (Table 1) .
(1). Since the initialization of the sequence has maximal λ cb , the adjustments of the sequence should be as few as possible to keep λ cb while improve λ cf . Thus, the adjustments should start from the mid-plane to the outermost position.
(2). To improve λ cf , the orientation β max with maximal λ cf should replace α max sequentially from the mid-plane to the outermost ply until λ cf reaches and exceeds λ cb .
(3). To further improve λ c , other orientations should be used to replace α max and β max according to the sequential permutation table at proper stacking positions. In addition, the balance and continuity constraints should be considered in each replacement.
On the basis of these three points, a ply-orientation selection strategy used to maximize the objective λ c is proposed based on the sequential permutation table, where the levels of thickness and ply orientations are identified while the number of ply orientations and stacking sequence are set as design variables. The detailed scheme of the ply-orientation selection strategy is described as follows and the flowchart is demonstrated in Fig. 5 .
Step 1: Initialize the sequential permutation table (SPT) by the predefined ply orientations (θ 1 ,θ 2 ,…, θ M ). Set the orientation α max at all stacking positions. Save the sequence as "Seq" together with its corresponding λ cb ，λ cf and λ c . According to the SPT, λ cb > λ cf in the initial sequence "Seq".
Step 2: Operation: Using β max to replace α max from the mid-plane to the outermost ply, set the current position as k and the current sequence as "Seq". At each position k, the following two judgments should be considered. After each replacement, evaluate the λ cb ，λ cf and λ c of the current sequence "Seq" and save the sequence with its corresponding factors.
Step 3: Judgment: for the current sequence "Seq" check: λ cf > λ cb ? If it is, turn to Step 4; otherwise, k = k -1, turn to Step 2.
Step 4: Set the last sequence that satisfies λ cf < λ cb as "Seq1" with its corresponding λ cb1 , λ cf1 , λ c1 and (λ c1 ) old = λ c1 , then turn to Step 5; Set the current sequence that satisfies λ cf > λ cb as "Seq2" with its corresponding λ cb2 , λ cf2 , λ c2 and (λ c2 ) old = λ c2 , then turn to Step 7.
Step 5: In "Seq1": λ cf1 < λ cb1 , λ cf1 can be improved by selecting an orientation β 1 from the SPT, which satisfies the condition λ cf1 (β max ) > λ cf1 (β 1 ) > λ cf1 (α max ). If several orientations satisfy λ cf1 (β max ) > λ cf1 (β 1 ) > λ cf1 (α max ), β 1 should be the one that maximizes λ c1 . Use β 1 to replace α max at position k. Save it as "Seq1" with its corresponding factors λ cb1 ，λ cf1 and λ c1 . Record the new λ c1 as (λ c1 ) new .
Step 6: Compare (λ c1 ) new with (λ c1 ) old . If (λ c1 ) new <(λ c1 ) old , the replaced operation failed, and (λ c1 ) old is the optimal solution. Save this optimal sequence as "Opt_seq1" and its corresponding factors λ cb1 ，λ cf1 and λ c1 , turn to Step 11; otherwise, the replacement operation succeeded, and the objective λ c1 can be improved further. Compare λ cb1 with λ cf1 . If λ cb1 >λ cf1 , k = k -1, turn to Step 5; otherwise, λ cb1 < λ cf1 , k = k -1, turn to Step 7.
Step 7: In "Seq2": λ cf2 > λ cb2 , λ cb2 can be further improved by selecting the orientation α 1 from SPT which satisfies λ cb2 (α max ) > λ cb2 (α 1 ) > λ cb2 (β max ). Use the orientation α 1 to replace β max without identifying the sequence. Calculate the new λ cf2 . Record the new λ cf2 as (λ cf2 ) new .
Step 8: If (λ cf2 ) new < (λ c2 ) old , the replacement operation failed. Delete the candidate orientation, turn to Step 10; otherwise, (λ cf2 ) new > (λ c2 ) old , save the number of the ply orientations, turn to Step 9.
Step 9: Using the sequence-design strategy to optimize the sequence, where the number of ply orientations was identified. Save all the optimized sequences. Select the sequence with the maximal λ c , save the sequence as "Seq2" with corresponding λ cb2 ，λ cf2 and λ c2 . Record the new λ c2 as (λ c2 ) new .
Step 10: Compare (λ c2 ) new with (λ c2 ) old . If (λ c2 ) new <(λ c2 ) old , the replacement operation failed, and (λ c2 ) old is the optimal solution. Save this optimal sequence as "Opt_seq2" and its corresponding factors λ cb2 , λ cf2 and λ c2 , turn to Step 11; otherwise, the replacement operation succeeded. Compare λ cb2 with λ cf2 . If λ cb2 < λ cf2 , k = k -1, turn to Step 7; otherwise, λ cb2 > λ cf2 , k = k -1, turn to Step 5.
Step 11: Two optimal solutions "Opt_seq1" and "Opt_seq2" are obtained. The sequence-design strategy is applied to these two sequences to overcome the continuity constraints. Compare the values of λ c , if (λ c ) Opt_seq1 > (λ c ) Opt_seq2 , the optimal sequence is "Opt_seq1"; otherwise, (λ c ) Opt_seq1 < (λ c ) Opt_seq2 , the optimal sequence is "Opt_seq2" Algorithm 2 gives the detailed computer program of the ply-orientation selection strategy, where angle denotes an orientation at a position of the sequence. If α max ∈{0°, 90°} && β max ∈{0°, 90°} 6:
If angle( i ) doesn't violate the continuity constraints 7:
Use β max to replace α max at position k.
Else 10:
End If
12: Else
13:
If angle( i ) doesn't violate the continuity constraints 14:
Use a pair of β max to replace a pair of α max at position k and k -1.
20:
Evaluate λ cb ，λ cf and λ c of the current sequence "Seq".
21:
If λ cf >= λ cb 22:
Set the last sequence which satisfies λ cf < λ cb as "Seq1" and get its λ cb1 , λ cf1 , λ c1 and (λ c1 ) old = λ c1 ; 23:
Select an orientation β 1 in SPT: λ cf1 (β max ) > λ cf1 (β 1 ) > λ cf1 (α max ). 24:
Use β 1 to replace α max at position k.
26:
Save it as "Seq1" with its corresponding factors λ cb1 , λ cf1 , λ c1 and
The replacement operation failed, (λ c1 ) old is the optimal solution. Save this optimal 29:
sequence as "Opt_seq1" and its corresponding factors λ cb1 ， λ cf1 and λ c1 , turn to row 67; 30: 
Numerical experiments
A benchmark problem proposed by Le Riche and Haftka [7] , which was optimized with various methods in [8-11, 13, 16, 19, 20] , is used here to validate the SPT method. The material properties of a graphite-epoxy plate are given [7] as: E 1 = 127.59
GPa, E 2 = 13.03 GPa, G 12 = 6.41 GPa, t = 0.0127 cm, υ 12 =0.3. In this work, four additional load cases with the aspect ratio a/b = 0.125 and 64 layers are added (Table 2) . Furthermore, to verify the efficiency of this method, the orientations are expanded to 12. The sets of orientations for 4 and 12 are introduced as (0°, 45°, −45°, 90°) and ((0°, ±15°, ±30°, ±45°, ±60°, ±75°, 90°), respectively. At the same time, a comparison between the results of λ c for 4 and 12 orientations is made.
The optimization results for 4 and 12 orientations are given in Tables 3 and 4 respectively, and their searching process is shown in Fig. 6 . To clarify the searching process of the SPT method, the load case 2 with 4 orientations (0°, 45°, −45°, 90°) is chosen as the example to demonstrate the sequential permutation table method in Appendix B. A comparison of the optimal results of 4 and 12 orientation is demonstrated in Fig. 7 . The searching process of the SPT method starts from the maximal vertex of the buckling load factor [27] instead of from different initial points.
In Tables 3 and 4 , the optimal results demonstrate that same orientations prefer to stack together and those not close to them are adjusted to satisfy the continuity constraints. The number of evaluations of the load factors does not exceed 70, and it is noticed that the evaluations of λ cb and λ cf are different. This is caused by deletion of orientations at Step 8 of the ply-orientation selection strategy since no better solutions can be obtained for these orientations. In Fig. 6 , only the results of evaluations of λ cf and its corresponding λ cb are presented, while those for the factors in the SPT and the number of evaluations for any single factor are not included since the objective value λ c requires evaluations of λ cf and λ cb simultaneously. Furthermore, it is observed that λ cb decreases slowly, while λ cf increases fast at the initial stages of evaluation because the adjustments start from the mid-plane, having minor influence on λ cb while improving λ cf fast. Then, the values of load factors cross, other orientations are added to improve the objective λ c with the ply-orientation selection strategy. By comparing the results in Tables 3 and 4 , it is noticed that as the ply orientations increase, the λ c increases, as shown in Fig. 7 . At the same time, as the orientations increase, the design space is increased exponentially, while the number of evaluations does not increase significantly. This demonstrates the potential of the SPT method in solving optimization problems for large-scale composite structures.
Then, at the next stage of our analysis, the first three load cases, that were also studied by using various methods [8-11, 16, 19, 20] , were selected to validate efficiency of the proposed method in terms of computational cost and reliability. The convergence rate of GA is sensitive to the predefined parameters, such as: population size, genetic operators, crossover rate and mutation rate. The crossover rate is often given large in design to produce more different child strings while maintaining their parents' characteristics. On the contrary, the mutation rate is often set small to bring in completely new combinations to protect population against uniformity [9] .
Moreover, since the stacking-sequence design problem have many local optimums, the population size is important for search of GA. If the population size is too small, it may prematurely converge to a local optimum; otherwise, if the population size is too big, it is expensive to converge to a global optimum [7] . The accuracy and efficiency of different methods is apparent from results given in Table 5 . The reliability is defined as performing 100 optimization runs and checking how many of these runs reached the optimum at any given point. In general, the optimal results of λ c as well as the efficiency are comparable for most of these heuristic methods. The AGATLA method performs much better than other existing methods in finding the optimal sequence. Also, the AGATLA method can provide superior results since the design space is expanded (without the constraint of two layers stack together). Compared to the AGATLA method, the proposed SPT method not only has a higher convergence speed (about 3 times that of the AGATLA method and about 10 times those of other methods) but also has the highest reliability. The SPT method generally has 100% reliability, which is superior to all of other methods. Since the SPT method is executed step by step, and the optimum is obtained by comparison of two factors -λ cb and λ cf , it is stopped automatically. For the three load cases here, compared with the previous best results, the objective value λ c was improved by 12.39%, 0.45% and 2.94%, respectively.
To decrease the design variable space, in [8-11, 16, 19] , it was assumed that two layers were stacked together. In contrast, however, the AGATLA [20] and the SPT methods can release this assumption, which, as a result, increased the design space. Table 6 gives the data for the design space with the corresponding stacking positions and numbers of evaluations in the SPT method. As the stacking position increase from 48 to 64 and orientations increase from 4 to 12, the design space increases from 4 24 to 12 32 , while the number of evaluations in SPT method increases from some 10 to 70.
The remarkable reduction of the evaluations is due to the fact that in SPT method the load factor is maximized by designing the stacking sequence linearly from the mid-plane to outermost position.
Conclusions
In this work, a sequential permutation table (SPT) method is proposed to optimize the stacking sequence of the composite laminate with buckling, strength and continuity constraints. The ply orientations are set to be the same with the predefined values at all stacking positions. The corresponding sequences are saved in a table, sorted according to the buckling load and failure load factors respectively.
Corresponding sequence-design and ply-orientation selection strategies are also developed to design the stacking sequence, which is obtained by adjusting orientations from the mid-plane to the outermost position sequentially, based on the information of the sequential permutation table.
A benchmark problem was chosen as a test case to validate the performance of the proposed method. It is demonstrated that the SPT method not only can considerably reduce the number of evaluations but also can remarkably increase the reliability of the results. The developed method has a great potential in solving high-dimensional discrete-variables stacking-sequence optimization problems for composites structures.
classical plate theory [1] ,
where F and M are the resultant force and moment vectors, respectively; ε and κ are the mid-plane strain and curvature vectors, respectively. The matrices of extensional, coupling and bending stiffnesses can be expressed as
where h k and h k-1 are the vertical positions of upper and lower surfaces of the kth ply (Fig. 1b) . [ ] 
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Appendix B Example of SPT method
The detailed searching process of load case 2 with 4 orientations (0°, 45°, −45°, 90°) is shown below, where the orientations in red are the positions to satisfying the continuity constraints, the orientations in blue are the replaced positions and the orientations in green are the positions that will be replaced.
Step 1: Initialize the sequential permutation Step 2: According to Table B .1, choose the orientation β max = 0° with the maximal λ cf .
Use β max to replace α max from the mid-plane to the outermost ply, set the current position as k and the current sequence as "Seq". The replacement process is shown in Table B .2.
Step 3: Compare λ cb with λ cf after each replacement operation in Step 2. Step 2 to
Step 4
12778.86 and (λ c2 ) old = 12778.86, turn to Step 7.
Step 5: In "Seq1", λ cf1 < λ cb1 , thus λ cf1 can be improved by selecting the orientation β 1 in SPT. To improve λ cf1 , select the orientation satisfies: Step 7: In "Seq2", λ cf2 > λ cb2 , thus λ cb2 can be further improved by selecting the orientations α 1 in the sequential permutation table that satisfies λ cb2 (45°)> λ cb2 (90°) >λ cb2 (0°). Using the ply with orientation 90° to replace the one with 0° without identifying the sequence. The number of the ply orientations (0
changes from (10, 7, 7, 0) to (9, 7, 7, 1) . Calculate the new λ cf2 according to the number of the ply orientations: λ cf2 = 13678.03. Record the new λ cf2 as (λ cf2 ) new .
Step 8: Compare the value of (λ cf2 ) new = 13678.03 with (λ c2 ) old = 12778.86 , because (λ cf2 ) new > (λ c2 ) old , save the number of the ply orientations (9,7,7,1), which will be used for sequence optimization latter.
Step 9: Using the Algorithm 1 to optimize the sequence, where the number of the ply orientations was identified. Select the sequence with maximal λ c , save the sequence as 
Step 5.
Thus, turn to
Step 7: select an orientation that satisfies: Step 11: Two optimal solutions "Opt_seq1" and "Opt_seq2" are obtained. The sequence-design strategy is applied to these two sequences to overcome the continuity constraints. Compare the values of λ c , (λ c ) Opt_seq1 = 12818.44 with (λ c ) Opt_seq2 = 12999. 16 . If (λ c ) Opt_seq1 > (λ c ) Opt_seq2 , the optimal sequence is "Opt_seq1"; otherwise, (λ c ) Opt_seq1 < (λ c ) Opt_seq2 , the optimal sequence is "Opt_seq2". In this example, the optimal sequence is Opt_seq2 (see Table B .4). (10, 7, 7, 0) changes to (9, 7, 7, 1) 13678.03
Step (9, 7, 7, 1) changes to (8, 7, 7, 2) 12678.78
Step 10 Step Finally, in this example the number of evaluations of λ cb is 8 and the evaluations of λ cf is 9 (the first initial point in SPT is included), another two should been added for evaluation of the sequential permutation table, so E(λ cb )=10, E(λ cf ) =11, as shown in case 2 of Table 3 . Table 2 Details of load cases considered for evaluation Table 3 Optimal stacking sequence using SPT with 4 orientations of (0°, 45°, -45°, 90°) Table 4 Optimal stacking sequence using SPT with 12 orientations of (0°, ±15°, ±30°, ±45°, ±60°, ±75°, 90°) Table 5 Comparative performance of SPT and other methods Table 6 Efficiency of SPT method 
